Introduction {#s1}
============

Renewed interest in exploring avenues for curing Human Immunodeficiency Virus Type 1 (HIV-1) infection ([@bib20]; [@bib32]; [@bib35]; [@bib9]; [@bib39]) has resulted in the investigation of interventions to eradicate cells in which HIV-1 persists despite antiretroviral therapy (ART). Once HIV-1 has infected a cell and integrated its genome into the cellular DNA, that cell may revert to a resting state, only producing replication competent virions when activated at a later date. These cells have been labeled the 'HIV reservoir'. There is, however, a lack of clarity relating to the cell types that might harbour the 'reservoir', as well as the tissues in which these cells might be located. For clarity, we will use the term 'reservoir' to describe the population of HIV-1-infected cells that persist during ART and which are the source of rebound viraemia on stopping therapy. Current understanding is that the majority of cells comprising this reservoir are CD4 T memory cells of a resting phenotype ([@bib3]; [@bib27]; [@bib13]).

Many assays have been developed to quantify the HIV-1 reservoir, ranging from simple quantitative PCR (qPCR) estimation of cell associated HIV-1 DNA to labour-intensive viral outgrowth assays (VOA) ([@bib36]; [@bib3]; [@bib27]; [@bib13]). Whereas measurement of plasma viraemia ('viral load') and CD4 T cell count are documented surrogate markers of HIV clinical progression, the clinical relevance and utility of measuring the reservoir---regardless of assay--remains less clear. As cell-associated HIV-1 DNA precedes plasma viraemia in the viral life cycle, it is tantalizing to speculate whether measuring HIV-1 DNA (as a surrogate for reservoir size) might have significant clinical relevance.

It is well documented that HIV-1 DNA persists in patients on antiretroviral therapy (ART) even when the plasma viral load is undetectable using the most sensitive assays ([@bib30]; [@bib35]). Much of this detectable HIV-1 DNA has been found to be mutated and replication-incompetent calling into question its biological relevance ([@bib22]). However, as a simple surrogate measure of the reservoir it may still have a role to play. As new interventions to cure HIV-1 infection are developed and taken into clinical trials, a means to measure their efficacy is needed. Stopping ART to await the return of viraemia would be the 'gold standard' approach, but has been associated with risk in certain ([@bib11]), although not all studies ([@bib14]). Ideally, the clinician would have access to an algorithm of biomarker assays to help identify those patients who might (or, alternatively, should not) be candidates for a safe treatment interruption (TI). The best way to assess the patient successfully managed on ART is unclear but, with the viral load rendered undetectable, it is plausible that HIV-1 DNA might be an alternative biomarker for disease progression. For example, compared with individuals with uncontrolled viraemia, HIV-1 DNA levels are much lower in cohorts such as VISCONTI in which apparently persistent aviraemia has been reported following TI ([@bib35]), and in the case of the Mississippi baby extremely low DNA levels were associated with a prolonged period of virological remission. However, this contrasts with cases in which undetectable DNA on ART was associated with prompt rebound viraemia on stopping ([@bib7]; [@bib21]). We therefore wished to gain a broader picture of the utility of measuring HIV-1 DNA levels by studying participants in a large, randomized trial of primary HIV-1 infection.

We measured both Total and Integrated HIV DNA levels in peripheral blood CD4 T cells in participants in the Short Pulse Antiretroviral Treatment at HIV-1 Seroconversion (SPARTAC) trial ([@bib14])--the largest randomized clinical trial of short-course ART in primary HIV-1 infection (PHI). Studying individuals recruited at PHI, randomized to no treatment or ART, and who subsequently underwent treatment interruption, allowed us to ask two questions. Was HIV-1 DNA independently predictive of clinical progression, and did HIV-1 DNA predict the time taken for viraemic rebound on stopping therapy, advocating its role in future treatment interruption protocols?

Results {#s2}
=======

SPARTAC trial participant characteristics {#s2-1}
-----------------------------------------

154 participants across all the SPARTAC trial arms were studied based on infection with subtype B HIV-1 and sample availability. All 154 patients were sampled at the pre-therapy baseline at trial enrolment. The demographics of the 154 participants are shown in [Table 1](#tbl1){ref-type="table"}. Participants who were randomised to receive no therapy or 48 weeks of ART and for whom samples were available (n = 51 and n = 47, respectively; [Supplementary file 1](#SD1-data){ref-type="supplementary-material"}) were studied in separate analyses described below. Assays of both Total and Integrated HIV-1 DNA were conducted at pre-therapy 'baseline' (trial week 0) and then at weeks 12, 48, 52, 60 and 108, where samples permitted. As detailed in [Supplementary file 2](#SD2-data){ref-type="supplementary-material"}, not all patients were assayed at all time-points, dependent on the analyses being conducted and sample availability.10.7554/eLife.03821.003Table 1.Patient demographics**DOI:** [http://dx.doi.org/10.7554/eLife.03821.003](10.7554/eLife.03821.003)Total participants available for analysis[\*](#tblfn1){ref-type="table-fn"}Number154Patients with a Total HIV-1 DNA test154 (100%)Patients with an Integrated HIV-1 test111 (72%)Log10 baseline Total HIV-1 DNA copies/ml3.88 (3.42--4.24)Log10 baseline Integrated HIV-1 DNA copies/ml3.6 (3.26--3.79)Time since seroconversion (days)73.82 (49.2--95.8)Log~10~ Baseline Viral Load copies/ml4.62 (3.95--5.25)Baseline CD4 Cell count (cells/μl)558 (428--680.9)Country of recruitment Australia21 (13.6%) Italy18 (12%) Brazil13 (8.4%) UK102 (66.2%)Viral Subtype (%)B (100%)Sex Female4 (3%) Male150 (97%)[^5][^6]

Pre-ART HIV-1 DNA associates with surrogate markers of disease progression {#s2-2}
--------------------------------------------------------------------------

Traditionally, plasma viral load (VL) ([@bib28]) and CD4 cell count ([@bib16]) are the only validated surrogate markers of progression used in the HIV-1 clinic. We therefore measured these biomarkers as well as HIV-1 DNA in 154 SPARTAC participants at enrolment to the trial and prior to any ART being given. The median (interquartile range) values of Total and Integrated HIV-1 DNA values in PHI ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}) were 7707 (2477--18187) and 3830 (1563--6325) copies of HIV-1 DNA per million CD4 T cells, respectively. Total and Integrated HIV-1 DNA levels were closely associated (p \< 0.0001; r^2^ = 0.72; Pearson correlation) ([Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}) in these pre-therapy samples. Total and Integrated HIV-1 DNA were significantly associated with plasma viral load (both p \< 0.001; r^2^ = 0.48 and 0.64, respectively; linear regression) ([Figure 1A](#fig1){ref-type="fig"}), and inversely with CD4 T cell count (both p \< 0.001; r^2^ = 0.20 and 0.27, respectively; linear regression) ([Figure 1B](#fig1){ref-type="fig"}). Interestingly, the estimated time since seroconversion at recruitment did not correlate with HIV-1 DNA (both Integrated and Total) ([Figure 1---figure supplement 3](#fig1s3){ref-type="fig"}).10.7554/eLife.03821.004Figure 1.HIV-1 DNA correlates with baseline plasma viral load and CD4 T cell count.Pre-therapy 'baseline' Total HIV-1 DNA (black points and line) (n = 154) and Integrated HIV-1 DNA (n = 111) (red points and line) correlated with log10 plasma HIV-1 RNA (**A**) and CD4 cell count (**B**).**DOI:** [http://dx.doi.org/10.7554/eLife.03821.004](10.7554/eLife.03821.004)10.7554/eLife.03821.005Figure 1---figure supplement 1.Distribution of log10 total and integrated HIV-1-DNA levels in untreated patients at baseline.Kernel density plot to show distribution of Total (blue) and Integrated (red) HIV-1-DNA at baseline.**DOI:** [http://dx.doi.org/10.7554/eLife.03821.005](10.7554/eLife.03821.005)10.7554/eLife.03821.006Figure 1---figure supplement 2.Pearson correlation for total and integrated HIV-1 DNA levels in untreated patients at baseline.**DOI:** [http://dx.doi.org/10.7554/eLife.03821.006](10.7554/eLife.03821.006)10.7554/eLife.03821.007Figure 1---figure supplement 3.Relationship between estimated time since seroconversion and HIV-1 DNA levels.Linear regression of HIV-1 DNA levels (Total in black; Integrated in Red) vs the estimated time since seroconversion (weeks) (total n = 154, integrated n = 109).**DOI:** [http://dx.doi.org/10.7554/eLife.03821.007](10.7554/eLife.03821.007)

HIV-1 DNA in untreated patients predicts disease progression {#s2-3}
------------------------------------------------------------

For this analysis, disease progression was defined according to the primary end-point of the SPARTAC trial, that is, a composite end-point of either a CD4 T cell count of 350 cells/µl or the commencement of long-term ART (for any clinical determined decision) ([@bib14]). We carried out Kaplan--Meier survival analyses with patients randomised to receive no ART, and stratified according to median HIV-1 DNA level at time of recruitment (n = 51 for Total HIV-1 DNA, and n = 38 for Integrated \[due to limited sample availability\]) (patient demographics detailed in [Supplementary file 1](#SD1-data){ref-type="supplementary-material"}). There was a significant delay in clinical progression in those with lower Total and Integrated HIV-1 DNA at baseline (p = 0.0016 and 0.0022, respectively; log-rank test) ([Figure 2](#fig2){ref-type="fig"}). The median time from randomization to primary endpoint stratified by low and high Total HIV-1 DNA levels was 187.0 (IQR 127.0--222.0) and 77.9 (IQR 35.0--172.8) weeks, respectively, and for low and high Integrated levels was 187.7 (IQR 132.7--214.9) and 52.0 (IQR 32.4--161.3) weeks, respectively.10.7554/eLife.03821.008Figure 2.HIV-1 DNA predicts clinical progression in absence of ART.Kaplan--Meier survival analyses for (**A**) Total (n = 51) and (**B**) Integrated (n = 38) HIV-1 DNA and clinical progression, based on time from randomization to the SPARTAC trial primary endpoint of a CD4 T cell count of 350 cells/μl or starting long-term ART. HIV-1 DNA data was divided into two 'high' and 'low' at the median level, which was 4.02 and 3.61 copies HIV-1 DNA per million CD4 T cells for Total and Integrated, respectively. Significance was determined by log rank test.**DOI:** [http://dx.doi.org/10.7554/eLife.03821.008](10.7554/eLife.03821.008)

Univariable Cox analyses showed Total HIV-1 DNA (HR 4.16 per log~10~ increase \[CI 2.10--8.26\]; p \< 0.0001), Integrated HIV-1 DNA (HR 5.41 per log~10~ increase (CI 1.65--18.04); p = 0.006) and plasma viral load (HR 1.74 per log~10~ increase (CI 1.13--2.68) p = 0.011) predicted the trial primary endpoint ([Table 2](#tbl2){ref-type="table"}). Multivariable analyses were carried out with the baseline covariates, Total HIV-1 DNA, viral load, and CD4 T cell count. Here, Total HIV-1 DNA (HR = 3.57 (1.58--8.08); p = 0.002) and CD4 count (HR = 0.67 (0.53--0.84); p \< 0.001), but not plasma viral load (HR = 1.25 (0.80--1.95); p = 0.33) predicted time to primary endpoint ([Table 2](#tbl2){ref-type="table"}). In a similar multivariable analysis, Integrated DNA did not associate significantly with the trial endpoint.10.7554/eLife.03821.009Table 2.Cox regression models for variables associated with clinical progression in untreated individuals followed up from PHI**DOI:** [http://dx.doi.org/10.7554/eLife.03821.009](10.7554/eLife.03821.009)Univariable unadjustedMultivariable adjustedCovariateHR (95% CI)p ValueHR (95% CI)p ValueTotal DNA (log~10~ DNA copies)4.16 (2.1--8.26)\<0.0013.57 (1.58--8.08)0.002Viral load (log~10~ RNA copies)1.74 (1.14--2.67)0.0111.25 (0.80--1.95)0.33CD4+ T cell count/100 cells0.66 (0.53--0.82)\<0.0010.67 (0.53--0.84)\<0.001[^7]

HIV-1 DNA decline on ART {#s2-4}
------------------------

One third of the participants recruited to SPARTAC were randomised according to the trial protocol to receive 48 weeks of ART before undertaking a treatment interruption ([@bib14]). This allowed us not only to study the impact of ART on HIV-1 DNA levels in this cohort (which has been reported in different cohorts \[[@bib37]; [@bib6]\]), but also to characterise what happens on stopping therapy after treatment initiated during PHI.

Prior to starting ART, Total and Integrated HIV-1 DNA levels were significantly different (p \< 0.0001; Students *t* test) ([Figure 3](#fig3){ref-type="fig"}), most likely explained by the presence of unintegrated circular and linear DNA forms. As expected, HIV-1 DNA levels after 48 weeks of ART were significantly lower than those measured at baseline (p \< 0.0001 for all comparisons; Students *t* test) by 0.63 log copies/million CD4 cells for Total, and 0.59 log copies/million CD4 cells for Integrated ([Figure 3](#fig3){ref-type="fig"}). After 48 weeks of ART, Total DNA levels remained significantly greater than Integrated levels in patients despite undetectable viraemia (0.027; paired *t* test) ([Figure 3](#fig3){ref-type="fig"}). This is consistent with other reports of residual unintegrated HIV-1 DNA up to a year after ART initiation ([@bib1]).10.7554/eLife.03821.010Figure 3.Analysis of impact on HIV-1 DNA of antiretroviral therapy.Total and Integrated HIV-1 DNA levels and plasma viral load (HIV-1 RNA) were measured at Week 0 'baseline' (in participants from all three trial arms prior to any therapy) and also in those receiving 48 weeks of ART (weeks 48, 52, 60 and 108 after baseline). DNA levels (log10 copies/million CD4 T cells) and viral load (log10 copies/ml plasma) were measured at all time-points, but not all participants were sampled at all time-points dependent on sample availability. Significance was determined by unpaired Students *t* Tests or paired *t* test (marker with \*) when samples at the two time-points being compared were matched.**DOI:** [http://dx.doi.org/10.7554/eLife.03821.010](10.7554/eLife.03821.010)10.7554/eLife.03821.011Figure 3---figure supplement 1.Impact of stopping and re-starting ART on HIV-1 DNA.Total HIV-1 DNA levels were calculated in 15 patients on ART before TI (pre-TI) These patients subsequently started long-term ART (ltx). DNA was sampled at least 6 months post ltx start date. Significance was established using a paired students *t* test.**DOI:** [http://dx.doi.org/10.7554/eLife.03821.011](10.7554/eLife.03821.011)

Having ascertained that in untreated individuals HIV-1 DNA was a predictor of progression, we now asked whether the lower HIV-1 DNA levels following ART would predict progression if therapy was stopped. This has potentially greater utility, as the majority of individuals on successful ART will have undetectable plasma viraemia using standard assays.

HIV-1 DNA at the point of stopping ART predicts clinical progression {#s2-5}
--------------------------------------------------------------------

We measured DNA levels in participants who received a median of 48 (IQR 47.7--48.7) weeks of ART with successfully suppressed viraemia (VL \< 50 copies/ml plasma), immediately prior to treatment interruption. The demographics of the subset of individuals (n = 47) studied in this analysis are detailed in [Supplementary file 1](#SD1-data){ref-type="supplementary-material"}. Kaplan--Meier survival analyses were undertaken in which participants were again divided into two groups (low and high) based on median HIV-1 DNA levels at TI. Both low Total and Integrated HIV-1 DNA levels associated with a longer time to trial endpoint (p = 0.039 and 0.031, respectively; log-rank test) ([Figure 4](#fig4){ref-type="fig"}). The median time from TI to primary endpoint stratified by low and high Total HIV-1 DNA levels was 159.2 (IQR 111.9--200.6) and 117.8 (IQR 67.8--173.8) weeks, respectively, and by low and high Integrated levels was 166 (IQR 124.9--200.6) and 101.1 (IQR 65.5--156.8) weeks, respectively.10.7554/eLife.03821.012Figure 4.HIV-1 DNA on ART predicts clinical progression following treatment interruption.Kaplan--Meier survival analyses for (**A**) Total (n = 47) and (**B**) Integrated (n = 47) HIV-1 DNA and clinical progression, based on time to the SPARTAC trial primary endpoint of a CD4 T cell count of 350 cells/μl or starting back on long-term ART. HIV-1 DNA data was divided into 'high' and 'low' at the median. Significance was determined by log rank test. Participants had received a median of 48 weeks of ART and then undertook a treatment interruption. DNA levels were measured at week 48, at the point of stopping ART. Time from TI to primary endpoint is plotted on the x-axis.**DOI:** [http://dx.doi.org/10.7554/eLife.03821.012](10.7554/eLife.03821.012)

In univariable Cox regression analyses, Total and Integrated HIV-1 DNA both predicted clinical progression from TI, determined by time to reaching the trial primary endpoint (Total HR 3.52 \[1.32--9.37\]; p = 0.012; Integrated HR 3.01 (1.13--7.95); p = 0.027). Multivariable cox regression models were constructed with HIV-1 DNA and CD4 cell count at TI. Viral load was not included as it was undetectable at TI. Both Integrated (HR 2.81 CI (1.05--7.55) p = 0.04) and Total (HR 3.42 CI (1.29--9.05) p = 0.013) HIV-1 DNA retained significance, and in both cases CD4 T cell count at TI was not a significant predictor (HR 1.04 CI (0.83--1.11) p = 0.58 and HR 0.94 CI 0.825--1.08 p = 0.4). At TI, HIV-1 DNA was the only predictor of the primary end point.

HIV-1 DNA increases on stopping ART {#s2-6}
-----------------------------------

One of the concerns around the viral rebound following a TI is the risk of 're-seeding' the reservoir in individuals who might have extremely low HIV-1 DNA levels, and who might be candidates for 'post-treatment control' of viraemia ([@bib23]). We therefore measured HIV-1 DNA in those participants who had received 48 weeks of ART at the point of TI and then again 4, 12 and 60 weeks post TI, where samples were available. Total and Integrated HIV-1 DNA levels were not significantly greater than at the time of ART cessation for up to 12 weeks post TI, although had significantly increased 60 weeks after TI (p \< 0.0001 for Total and Integrated DNA; Students *t* test), returning approximately to the Week 0 pre-therapy levels ([Figure 3](#fig3){ref-type="fig"}). The increase in Total and Integrated HIV-1 DNA 4 weeks after TI was not significant (p = 0.30), in contrast to the rebound in plasma viraemia (p \< 0.001), which may be re-assuring for those implementing a TI strategy in which ART would be re-introduced when plasma VL became detectable.

Of note, in an analysis of those individuals who subsequently restarted ART after the TI--and for whom we had samples (n = 15)--there was no significant difference between the HIV-1 reservoir size pre-TI and at least 6 months after re-starting ART (p = 0.58; paired students *t* test; [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}), suggesting that any increase in HIV-1 DNA on stopping ART may be reversible if therapy is re-commenced. However, larger studies will be needed to confirm these data.

HIV-1 DNA at ART cessation predicts time to plasma viral load rebound {#s2-7}
---------------------------------------------------------------------

Although almost all participants in SPARTAC experienced VL rebound on stopping ART, we have previously shown that of those who received \>12 weeks of therapy, 14% still had undetectable viraemia 12 months later ([@bib38]). We therefore wished to establish---albeit in this different, although overlapping, sub-group of SPARTAC participants---whether HIV-1 DNA predicted the return of plasma viraemia post-TI. As our previous findings included participants in centres using both 50 and 400 copies/ml as the lower limit of detection for plasma viral load assays, we studied both cut-offs for the HIV-1 DNA analyses.

No patients were censored before viral rebound was detected and all were aviraemic (\<50 copies/ml plasma) at the point of stopping ART. Levels of Total (but not Integrated) HIV-1 DNA at TI predicted time to viral rebound to 400 copies/ml by univariable Cox regression analysis (HR 2.43 (1.23--4.79) p = 0.010). CD4 T cell count at TI was not predictive (HR 0.92 (0.78--1.08) p = 0.32) ([Supplementary file 3](#SD3-data){ref-type="supplementary-material"}). In a multivariable Cox regression model including Total HIV-1 DNA and CD4 count, both sampled at the point of TI, only Total HIV-1 DNA significantly predicted time to viral rebound to 400 copies (HR 2.68 \[1.31--5.48\] p = 0.0069) ([Supplementary file 3](#SD3-data){ref-type="supplementary-material"}). When using values from pre-therapy baseline rather than at the time of TI in the model, neither plasma viral load nor CD4 T cell count predicted time to viral rebound (\>400 copies/ml) from TI (HR 1.38 \[0.96--1.99\] p = 0.080) and (HR 1.03 \[0.92-1.12\] p = 0.60), respectively. Kaplan--Meier survival analyses showed similar results, with a low Total HIV-1 DNA (based on stratification around the median level) associated with a slower time to a viral rebound of 400 copies/ml (p = 0.0038; log-rank test) but not to 50 copies per ml (p = 0.18) ([Figure 5](#fig5){ref-type="fig"}).10.7554/eLife.03821.013Figure 5.HIV-1 DNA at ART interruption predicts time to viral rebound.Survival analyses of time to viral rebound (weeks) in participants undertaking TI after 48 weeks of ART. HIV-1 DNA levels are presented divided at the median level into high (red) and low (black). Rebound to 400 HIV-1 RNA copies (n = 46) is presented for Total (**A**) and Integrated (**B**) HIV-1 DNA. Rebound to 50 HIV-1 RNA copies (n = 45) is presented for Total (**C**) and Integrated (**D**) HIV-1 DNA. Significance was determined by log rank test.**DOI:** [http://dx.doi.org/10.7554/eLife.03821.013](10.7554/eLife.03821.013)

It was unclear why Total HIV-1 DNA should predict rebound to 400 copies but not to 50. In an attempt to explain this we studied those individuals with data available at both cut-offs. In this small post-hoc analysis (n = 45), we found that rebound varied according to the HIV-1 DNA level at the time of TI. Patients with high Total HIV-1 DNA levels were more likely to have a first detectable VL greater than 400 copies/ml, whereas those with lower HIV-1 DNA levels were more likely initially to rebound below 400 but above 50 copies/ml (p = 0.0074; Fisher\'s exact test) ([Supplementary file 4](#SD4-data){ref-type="supplementary-material"}). In summary, we find evidence that HIV-1 DNA is a significant predictor of the duration of viral remission and magnitude of the initial rebound following TI. This, if confirmed in larger studies, would have implications for those designing protocols for ART-reintroduction following viral rebound in TI studies.

Discussion {#s3}
==========

Since first described nearly two decades ago a persistent reservoir of HIV-1-infected cells remains the main reason that HIV-1 infection cannot be cured ([@bib5]; [@bib15]; [@bib41]). The simplest measure of the reservoir is a qPCR assay that detects all intracellular HIV-1 DNA regardless of whether it is integrated into host chromosomes or is in unintegrated linear or circular forms. A modification of this assay incorporates an initial step to prime host *Alu* repeats in order to quantify only viral DNA that has been integrated into host DNA. These assays are open to criticism as the vast majority of intracellular HIV-1 DNA is thought to be replication incompetent, and qPCR is not able to discriminate between replication competent and incompetent viral DNA genomes. This has led to the development of alternative approaches such as viral outgrowth assays (which are considered the gold standard, but are expensive and time-consuming, even with recent improvements to their protocols \[[@bib26]\]) and assays to measure intracellular HIV-1 RNA, which may more accurately reflect an infected cell\'s ability to produce new virions, especially under conditions where viral transcription is stimulated ([@bib4]).

Despite the debate over the biological relevance of measuring HIV-1 DNA---and bearing in mind that none of these assays have been standardised for clinical use--a number of reports have attributed clinical meaning to HIV-1 DNA assays. Over a decade ago Tierney and colleagues suggested that proviral DNA in PBMCs from 111 participants receiving limited nucleoside analogue therapy was an independent predictor of clinical progression, although it is unclear how suppressive the ART regimes were in this study ([@bib40]). Havlir et al studied 100 individuals with chronic HIV-1 infection and viral suppression on ART and showed that HIV-1 DNA independently predicted residual viraemia on ART ([@bib19]). However there has not been a comprehensive analysis of both HIV-1 Total and Integrated HIV-1 DNA in individuals randomised to treatment or no treatment soon after seroconversion.

We applied both Total and Integrated DNA measures to a unique cohort of individuals with evidence of PHI randomised to immediate interrupted ART or no therapy with longitudinal follow-up for a median of 4.5 years. As participants were randomised to different short course ART therapies prior to TI, we were able to determine how well HIV-1 DNA correlated with accepted surrogate markers of progression such as VL and CD4 count, and also whether HIV-1 DNA was an independent predictor of disease progression within the SPARTAC trial in both treated and untreated participants.

Our first finding that HIV-1 DNA associated closely with both plasma VL and CD4 cell counts ([Figure 1](#fig1){ref-type="fig"}) was not surprising as this is reported elsewhere ([@bib7]; [@bib31]). Our findings that both baseline and pre-TI HIV-1 DNA strongly predicted the trial primary endpoint ([Figure 4](#fig4){ref-type="fig"} and [Table 2](#tbl2){ref-type="table"}) are supported by data from other smaller, discrete observational studies, in which low HIV-1 DNA levels associated with a longer time to clinical progression ([@bib18]; [@bib29]; [@bib33]), a lower viral set point and reduced chance of virological failure on ART re-initiation ([@bib42]) at PHI. We are aware of one other report associating HIV-1 DNA with time to viral rebound on stopping ART ([@bib42]). In this study Yerly and colleagues studied chronically-infected individuals with sequential treatment interruptions and reported that DNA was a predictor of the peak of viraemia following therapy cessation and failure to reach undetectable viraemia on re-starting ART--they do not report on the actual duration of viral suppression after TI. In a smaller study at PHI, Lafeuillade et al also associated HIV-1 DNA with time to rebound, however this study is complicated by other interventions such as IL-2 and hydroxyurea in addition to ART ([@bib25]).

We measured plasma viral load in the pre-therapy 'baseline' sample closest to the estimated time of infection. One possible criticism---and explanation for why plasma VL was less predictive in this study---is that other studies have associated progression with the 'set-point' viral load, the value at which the VL stabilizes following the dynamic PHI stage. However, in our untreated participants we found that the 'baseline' and 'set-point' VL values were highly correlated, although the former was higher, as would be expected (data not shown). From a clinical perspective, it is worth noting that if individuals with PHI are commenced on ART immediately, then their 'set-point' VL will not be known, potentially placing greater impact on the less dynamic HIV-1 DNA measure.

After TI, we observed a period of at least 12 weeks where no significant increases in the HIV-1 reservoir level were detected by both assays ([Figure 3](#fig3){ref-type="fig"}). However, we found little evidence of longer term post-treatment control ([@bib32]; [@bib35]), as levels of HIV-1 DNA 1-year after therapy interruption were not significantly different to that seen at pre-therapy baseline. Nevertheless, the potential for there to be a short window period during which plasma viraemia has rebounded but HIV-1 DNA levels have not risen significantly is encouraging, if future closely-monitored TI studies are to be undertaken. Concerns around 're-seeding' the reservoir are very real, and it is important that any possible harm associated with a TI is limited. It is therefore also re-assuring that in our admittedly small sub-study, re-initiation of ART subsequently restored HIV-1 DNA to pre-TI levels.

Finally, a low 'Total' HIV-1 reservoir at TI resulted in a longer time to a viral rebound to 400 copies/ml ([Figure 5](#fig5){ref-type="fig"}). In univariable and multivariable Cox regression models Total HIV-1 DNA at TI predicted time to rebound to 400 copies/ml, whereas CD4 T cell count did not ([Supplementary file 3](#SD3-data){ref-type="supplementary-material"}). Of interest, the baseline VL and CD4 prior to therapy were also not predictive of time to rebound. In contrast to other studies exploring TI, we have a larger and randomly allocated patient group who have received similar durations of ART at PHI and hence can be directly compared. Although viral rebound was observed in all individuals after TI ultimately, this is the first report of a randomised cohort that has shown that time to viral rebound and primary study end point could be predicted by HIV-1 DNA measurement at TI.

Our findings of an association with HIV-1 DNA and time to viral rebound raise a number of other questions. Why was Total DNA predictive of rebound but not Integrated? Why was Total DNA predictive for rebound to 400 copies/ml but not 50 copies/ml? Much larger studies will be needed to answer most of these questions, however our sub-analysis of rebounding patients suggested that a high Total DNA at TI was more indicative of a higher VL rebound (i.e. \>400 copies), whereas a low DNA level was not associated with a lower rebound. These data might indicate that a Total DNA level at TI is better at predicting the patients who will be quick to rebound rather than those who will maintain suppression. A question for larger studies to answer will be to define what the viral load cut-off should be for considering rebound, rather than just assuming the assay with the lowest limit of detection is best. Data from at least one other study ([@bib34]) indicate that a level greater than 50 copies/ml may be more relevant. The difference between the Integrated and Total DNA is also interesting. Integrated DNA should be the most biologically relevant marker, based on the assumption that unintegrated HIV-1 DNA forms are thought not to contribute to rebound viraemia. However, the assay for Total HIV-1 DNA is much simpler and with tighter coefficients of variation, possibly due to the lack of a pre-amplification PCR stage. Another important factor impacting our data is that the median estimated time from seroconversion was 73.8 days, and so most of our patients would be starting therapy at Fiebig stage IV or later. It is possible that earlier identification of PHI and initiation of ART would have a greater impact on the reservoir and post-treatment control, and it is important that large studies are undertaken to determine this.

In light of observational cohorts such as VISCONTI ([@bib35]) where treatment cessation revealed individuals who remain aviraemic post TI, there is increasing interest in undertaking closely monitored treatment interruption studies in which ART would be re-started based on a detectable plasma VL. These do not, however, have an encouraging history with previous studies set in the context of therapeutic vaccination or CD4 T cell restoration, resulting in rapid viraemic rebound and even harm ([@bib11]; [@bib2]; [@bib17]). Additionally, the recent report of viral rebound in the case of the Mississippi baby, means that greater understanding of mechanisms behind post-treatment control is needed. The potential, therefore, to develop an algorithm to combine various biomarkers to help predict individuals suitable for such studies is appealing. These data are evidence that such an algorithm may be possible, and that a marker as simple as HIV-1 DNA could be an important component.

Materials and methods {#s4}
=====================

Participants and trial design {#s4-1}
-----------------------------

The design of the SPARTAC trial is reported elsewhere ([@bib14]). In brief, SPARTAC was an international open Randomised Controlled Trial enrolling adults with PHI within 6 months of a last negative, equivocal or incident HIV-1 test. All participants gave written informed consent. Research ethics committees in each country approved the trial. Time of seroconversion was estimated as the midpoint of last negative/equivocal and first positive tests, or date of incident test. Participants were randomised to receive ART for 48 weeks (ART-48), 12 weeks (ART-12) or no therapy (standard of care, SOC). The primary endpoint was a composite of two events: if participants either reached a CD4 count of \<350 cells/mm^3^ (\>3 months after randomization and confirmed within 4 weeks) or initiated long-term ART. This provided an immunological surrogate of clinical progression, but also allowed inclusion of those participants who commenced ART at CD4 cell counts greater than 350 cells/mm^3^. Time to virological failure of participants randomized to ART-48 (two analyses using both 50 and 400 HIV-1 RNA copies/ml as the cut-off \[two consecutive readings\]) was a secondary endpoint.

Participants for this sub-study of SPARTAC were those infected with subtype B HIV-1 and for whom adequate samples were available. For those in the analysis of progression and viral rebound at TI, we only selected participants who had viral load suppression (\<50 copies/ml; Chiron bDNA) at point of stopping ART ([Table 1](#tbl1){ref-type="table"} and [Supplementary file 1](#SD1-data){ref-type="supplementary-material"}). CD4 T cells isolated from peripheral blood mononuclear cells (PBMC) were sampled for HIV-1 DNA in all participants at baseline, regardless of trial arm. Participants randomised to the ART-48 arm were sampled at week 48 at the point of stopping ART and at a further 4, 12 and 60 weeks post ART interruption (52, 60 and 108 weeks post-ART initiation). Participants who were viraemic using the Chiron bDNA, (Bayer, Leverkusen, Germany) (LLD 50 copies/ml) at the point of TI were excluded.

Measurement of HIV-1 DNA {#s4-2}
------------------------

CD4 T cells were enriched from frozen PBMC samples by negative selection (Dynabeads, Invitrogen, Carlsbad, CA) to a purity of \>97%. CD4 T cell DNA was extracted (Qiagen, Venlo, Netherlands) and used as input DNA for PCR. Cell copy number and total HIV-1 DNA levels were quantified both in triplicate using previously published assays ([@bib10]; [@bib24]).

Integrated HIV-1 was measured using an assay based on that previously published ([@bib27]) but with some minor modifications. 40 repeated integration measurements per patient sample were performed along with five PCR reactions to which no *Alu* primer was added, to serve as a background control for determination of sample positivity. The first round master mix contained 1.5 U platinum taq per 50 µl reaction. The second round qPCR reaction was the same as the Total reaction described above, but with 10 µl of first round product being the input DNA.

To quantify patient samples, one standard curve was generated by plotting the average cycle threshold (Ct) values for all integration signals at each Integration Standard (IS) dilution (70--0.2 copies of IS standard per well, diluted in 2 µg/ml PBMC DNA), so long as at least one integration signal was significantly different (two standard deviations) to the average *gag*-only background signal. The IS was a kind gift from Una O'Doherty. Ln(Copy number) was plotted vs Ln(average Ct) and each point on the standard curve was repeated in duplicate. The standard curve fitted extremely well to a line of best fit (r^2^ = 0.987), which was then used to calculate copy numbers in patient samples. Each patient sample replicate was quantified individually using the standard curve to generate error. Plate to plate variation was assessed using quadruplicate replicates of 8e5 cells, which have one copy of HIV-1 per cell, diluted to 100 copies per well as a first round PCR DNA input. The average coefficient of variance was 8.31%.

Statistical analysis {#s4-3}
--------------------

HIV-1 DNA (Total and Integrated) distributed normally following log~10~ transformation. The association between Total and Integrated HIV-1 DNA levels was tested using Pearson correlations. Linear regression was used to examine the association between continuous clinical baseline covariates and HIV-1 DNA. Tests between grouped variables and DNA levels were tested with Mann--Whitney, Kruskal--Wallis and *t* tests where appropriate.

For the association between baseline DNA and the SPARTAC primary endpoint, Kaplan--Meier plots and univariable Cox models were constructed, and subsequently adjusted for baseline covariates. Where participants received ART, the time to primary endpoint was calculated from the time of TI. Association with time to rebound was also assessed using Kaplan--Meier plots and Cox models. All statistics were calculated using R version 3.1.0. Plots were drawn using Prism version 5.0.
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10.7554/eLife.03821.014

###### 

Additional demographics of randomized participants included in untreated and 48 week short-course ART analyses Demographics of participants available for analyses of those randomised to receive either no therapy from PHI (first column) and those randomised to receive 48 of weeks of ART from PHI (second column). Data as indicated were: ^†^ determined at pre-therapy baseline (trial week 0), \* determined at week 48, prior to TI or ^+^ median (interquartile range). SOC: Standard of Care trial arm.

**DOI:** [http://dx.doi.org/10.7554/eLife.03821.014](10.7554/eLife.03821.014)

10.7554/eLife.03821.015

###### 

Sample numbers available at each time-point by trial randomization. Numbers of samples available at each time-point are presented. Participants from all three trial arms were included at week 0 as they were all treatment naïve at this point. Not all patients at any one time-point are always represented at other time-points due to variation in sample availability. Trial arms: SOC: Standard of Care (untreated); ART-48: 48 weeks of ART after randomization; ART-12: 12 weeks of ART after randomization.

**DOI:** [http://dx.doi.org/10.7554/eLife.03821.015](10.7554/eLife.03821.015)

10.7554/eLife.03821.016

###### 

Cox regression models for variables associated with time to rebound of 400 copies/ml and sampled at wk48. Table to show results of Cox regression analysis for time to virological rebound of 400 copies/ml of plasma with Total DNA and CD4 T cell count as covariables. Univariable and multivariable data are presented with Hazard Ratios (HR) with 95% Confidence Intervals (CI) and associated P values.

**DOI:** [http://dx.doi.org/10.7554/eLife.03821.016](10.7554/eLife.03821.016)

10.7554/eLife.03821.017

###### 

2 × 2 table comparing the number of patients with different times to 50 and 400 copy/ml rebound and their total and integrated pre-TI HIV-1 DNA levels. Table to compare the association between HIV-1 DNA levels at TI (both Total and Integrated) and time to a plasma viral load of either between 50--400 copies/ml or greater than 400 copies/ml. HIV-1 DNA levels were split into 'high' and 'low' by the median value. The proportions are significantly different by Fisher\'s exact test for Total (p = 0.0074) but not Integrated HIV-1-DNA levels (p = 0.091).

**DOI:** [http://dx.doi.org/10.7554/eLife.03821.017](10.7554/eLife.03821.017)
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eLife posts the editorial decision letter and author response on a selection of the published articles (subject to the approval of the authors). An edited version of the letter sent to the authors after peer review is shown, indicating the substantive concerns or comments; minor concerns are not usually shown. Reviewers have the opportunity to discuss the decision before the letter is sent (see [review process](http://elifesciences.org/review-process)). Similarly, the author response typically shows only responses to the major concerns raised by the reviewers.

Thank you for sending your work entitled 'HIV-1 DNA predicts disease progression and post-treatment virological control' for consideration at *eLife*. Your article has been favorably evaluated by Prabhat Jha (Senior editor), a Reviewing editor, and 3 reviewers.

The Reviewing editor and the other reviewers discussed their comments before we reached this decision, and the Reviewing editor has assembled the following comments to help you prepare a revised submission.

There is consensus that this manuscript is impressive and worth publishing. There is also agreement that while overall this manuscript is well written it is too long and too detailed and is distracting from the key and novel scientific advance. Careful editing of established and already published aspects and referencing with existing literature is needed. The Discussion also can be shortened and authors should stay focused on the novel and important findings. The novel finding is the predictive value of HIV DNA and time to viral rebound and keeping the focus on this will strengthen the manuscript. The finding is important as it can be used as a predictive marker in advancing the HIV cure research agenda. This finding and its significance is lost in the detailed presentation and discussion of novel and not so novel data. Reviewer comments build around this novel finding for a more nuanced picture to emerge in terms of request for more details on measurement of DNA, for example an explanation on the somewhat paradoxical situation as to why free DNA is more important than integrated DNA and to the analysis of the DNA as a continuous variable rather than as a dichotomy.

A separate issue relates to new data on the Mississippi baby that was announced subsequent to the submission of this manuscript, namely the baby has detectable virus and this manuscript needs to be updated accordingly.

Minor comments:

The use of the term 'reservoir' when measuring HIV DNA will not be well-received by many in the field. This term should be used sparingly, or the authors should clarify what they mean by this term.

In the Introduction, the authors suggest that the VISCONTI cohort argue against using HIV DNA as a predictor of what happens in absence of therapy. This may be true when compared to possible cure cases, but not when compared to the general HIV-infected population. The VISCONTI cohort is notable for having had a very low amount of HIV DNA, comparable to 'elite' controllers. The French team has argued that low DNA contributed to the outcome in this cohort. This text might be modified accordingly.

The inverse correlation between CD4+ T cell count and frequency HIV DNA in CD4+ T cells suggests that the total burden of HIV (per unit of blood) may be relatively stable. This brings up a constant dilemma with these cell-based assays: should the frequency of infection or total amount of infection be used in the analyses. Assessing whether the amount of HIV DNA in blood rather than frequency of HIV DNA in CD4+ T cells might provide unique insights, and might be considered for this paper, or future analyses.

The association of HLA and immune responses on HIV replication has been the focus of decades worth of research. Given the strong association between HIV RNA and HIV DNA in untreated state, it is not surprising that immune response might be negatively correlated with HIV DNA during pre-therapy state. The functional assay used (ELISpot interferon-gamma) is less robust and informative of most assays now being applied to these types of studies. The data as presented are fine, but it makes it more challenging for a reader to find the more innovative data.

Presumably the association between immune response (HLA, ELIspot) and HIV DNA was similar to that observed between immune response and HIV RNA levels. This might be tested. Again, it is unclear if there is really much new in this analysis. The fact that HIV DNA predicted disease progression independent of HIV RNA is novel, and supports doing a similar analysis with the immunologic and genetic data.

The paper is generally easy to follow. The last sentence in the Results is not clear, however. The authors might wish to restate these findings.

10.7554/eLife.03821.019

Author response

*There is consensus that this manuscript is impressive and worth publishing. There is also agreement that while overall this manuscript is well written it is too long and too detailed and is distracting from the key and novel scientific advance. Careful editing of established and already published aspects and referencing with existing literature is needed*.

We have now completely removed the sections on CD4 and CD8 ELISpots as well as the sections on HLA Class I associations and related hazards of disease progression. This means the paper is much more focused on the data associated with HIV-1 DNA quantification. As a result the paper has been shortened from 5736 words to 4699 words (around 20% shorter) including the removal of [Figures 2 and 3](#fig2 fig3){ref-type="fig"}. This now makes for a more succinct manuscript with the focus on the key result.

*The Discussion also can be shortened and authors should stay focused on the novel and important findings. The novel finding is the predictive value of HIV DNA and time to viral rebound and keeping the focus on this will strengthen the manuscript. The finding is important as it can be used as a predictive marker in advancing the HIV cure research agenda. This finding and its significance is lost in the detailed presentation and discussion of novel and not so novel data*.

The Discussion has been shortened by removing all sections relating to immunological data. Whilst we feel these data are important, we acknowledge they might distract from the primary finding, and so have removed them completely. The manuscript, including the discussion, is now focused on HIV-1 DNA quantification and implications for control.

*Reviewers comments build around this novel finding for a more nuanced picture to emerge in terms of request for more details on measurement of DNA*, *for example an explanation on the somewhat paradoxical situation as to why free DNA is more important than integrated DNA...*

We acknowledge that our data raise some interesting questions. The greater impact of 'Total' vs 'Integrated' on our outcome measures is interesting, but we do not feel this is necessarily paradoxical. In purist terms the integrated DNA should reflect the true 'reservoir' of replication competent viral DNA, however the presence of unintegrated genomes (as reflected in the greater absolute quantity of Total DNA) may be indicative of slower dynamics of ART suppression, compartmentalization of replication or even on-going replication in the face of ART, depending on one's reading of the literature. To fully understand these issues will require larger studies, as currently planned by the ACTG in the US, and ourselves in the UK. We have explored these questions in the discussion, but we feel that a detailed analysis of these variables would be better undertaken through these larger cohorts designed to look at these questions, and we hope the reviewers will be accepting of this approach.

*...and to the analysis of the DNA as a continuous variable rather than as a dichotomy*.

To be thorough, we analysed DNA as both a continuous and categorical variable in the Cox models and Kaplan--Meier analyses, respectively. The results from these two approaches were consistent and are presented in the paper and the supplementary material.

*A separate issue relates to new data on the Mississippi baby that was announced subsequent to the submission of this manuscript, namely the baby has detectable virus and this manuscript needs to be updated accordingly*.

This has now been done.

*Minor* *comments:*

*The use of the term 'reservoir' when measuring HIV DNA will not be well-received by many in the field. This term should be used sparingly, or the authors should clarify what they mean by this term*.

We agree. We had tried to use the term sparingly; it is mostly found in the Introduction section, but we have taken steps to limit its use further. However, as it is part of the lexicon of HIV Cure research we have also defined in the text what the word 'reservoir' refers to in this manuscript, to ensure that where it is used the reader will understand the context.I.e 'the population of HIV-1-infected cells that persist during ART and which are the source of rebound viraemia on stopping therapy'.

*In the Introduction, the authors suggest that the VISCONTI cohort argue against using HIV DNA as a predictor of what happens in absence of therapy. This may be true when compared to possible cure cases, but not when compared to the general HIV-infected population. The VISCONTI cohort is notable for having had a very low amount of HIV DNA, comparable to 'elite' controllers. The French team has argued that low DNA contributed to the outcome in this cohort. This text might be modified accordingly*.

We have re-written this section at the end of the Introduction, and also now include a comment on the Mississippi baby. The point being made is that with the few cases studies available HIV-1 DNA has not proved absolutely predictive (no DNA associated with rebound and cure in the Boston and Berlin transplants, respectively, and small amounts of DNA associated with on-going cure and rebound in the VISCONTIs and Mississippi case, respectively), and hence we need these larger cohort analyses.

*The inverse correlation between* CD4*+ T cell count and frequency HIV DNA in* CD4*+ T cells suggests that the total burden of HIV (per unit of blood) may be relatively stable. This brings up a constant dilemma with these cell-based assays: should the frequency of infection or total amount of infection be used in the analyses. Assessing whether the amount of HIV DNA in blood rather than frequency of HIV DNA in* CD4*+ T cells might provide unique insights, and might be considered for this paper, or future analyses*.

We agree this is an important point: certainly there is a lack of consistency in how DNA levels are reported across the literature, e.g. PBMCs vs CD4s, per million cells vs per ug DNA vs per blood volume. This does need to be sorted out and may also have mechanistic implications; however we would argue that this manuscript is not the place. The reviewers offer the option of 'future analyses' and we agree this is the appropriate route in this case. We are working on a broader analysis of the interpretation of different biomarkers and viral rebound (presented in part as a poster at CROI 2014), and we feel this analysis would be much better placed in this context.

*The association of HLA and immune responses on HIV replication has been the focus of decades worth of research. Given the strong association between HIV RNA and HIV DNA in untreated state, it is not surprising that immune response might be negatively correlated with HIV DNA during pre-therapy state. The functional assay used (ELISpot interferon-gamma) is less robust and informative of most assays now being applied to these types of studies. The data as presented are fine, but it makes it more challenging for a reader to find the more innovative data*.

A number of the authors on this manuscript have been heavily invested in understanding the HLA Class I-restricted immune response in HIV infection (Phillips, Kelleher, Frater, Carrington) over many years, hence the interest in this paper. Whereas we do not agree with the sentiment that ELISpot is less robust and informative than other assays (despite significant technological advances, ELISpot data remains as informative as other approaches in clinical cohorts), we acknowledge the inclusion of these data might confuse the overall message. We have therefore removed the immunological sections in their entirety.

*Presumably the association between immune response (HLA, ELIspot) and HIV DNA was similar to that observed between immune response and HIV RNA levels. This might be tested. Again, it is unclear if there is really much new in this analysis. The fact that HIV DNA predicted disease progression independent of HIV RNA is novel, and supports doing a similar analysis with the immunologic and genetic data*.

See section above. All functional immunology has been removed to make for a clearer story.

*The paper is generally easy to follow. The last sentence in the Results is not clear, however. The authors might wish to restate these findings*.

This has been done: 'In summary, we find evidence that HIV-1 DNA is a significant predictor of the duration of viral remission and magnitude of the initial rebound following TI. This, if confirmed in larger studies, would have implications for those designing protocols for ART-reintroduction following viral rebound in TI studies.'

*The paper is too long. The Discussion could be cut*.

The paper has been cut by over 1000 words, including the Discussion.

[*Figure 5*](#fig5){ref-type="fig"} *would be clearer if it had markers that showed clearly when ART was started and interrupted*.

The figure now includes a shaded region to show the period when ART is given.
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[^4]: Peter Medawar Building for Pathogen Research, Nuffield Department of Medicine, University of Oxford, Oxford, United Kingdom.

[^5]: Data shown are values (% of non-missing values) for categorical data or medians and interquartile ranges in brackets for continuous variables.

[^6]: At the week 0 'baseline' timepoint'. A subset of these patients ([Supplementary files 1 and 2](#SD1-data SD2-data){ref-type="supplementary-material"}) was used for analyses at later time-points.

[^7]: Univariable and multivariable cox regression models were used to determine predictors of clinical progression in untreated individuals followed up from Primary HIV-1 Infection. Progression was determined according to reaching the SPARTAC trial primary endpoint ([@bib7]). Co-variables analysed were baseline (i.e. first pre-therapy trial sample) Total HIV-1 DNA, baseline plasma viral load and baseline CD4+ T cell count.
